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Metal-Organic Frameworks (MOF) formed by self-assembly of organic ligands and metal 
ions have emerged as an important class of porous crystalline materials. [1] Arising from their 
high variability in the choice of organic ligands and metal centers, suitable for the MOF 
synthesis, a large number of crystal structures have been developed making them attractive 
candidates for various applications such as gas storage,[2] separation, [3] [4] catalysis, [5] sensing, 
[6] electronics [7] and drug delivery. [8]  
Next to the design of new crystal structures and incorporation of novel functional 
groups recently larger attention has also been drawn to the structuring of MOFs at the 
mesoscopic/macroscopic scale[2] as well as their positioning. [9] The possibility of 
incorporating MOF crystals inside superstructures combined with precise positioning will 
play an important role towards improving their performance and incorporating them into 
functional devices. 
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Recently, Rodenas et al. showed that by a diffusion-mediated modulation of the MOF 
growth kinetics free standing nanosheet structures could be formed. The resulting 2D 
nanosheets showed improved gas separation performance compared to the same MOF 
materials with 3D morphology when incorporated into polymer membranes.[10]  Despite the 
large number of MOF structuring techniques, there are still only very few available methods 
for the formation of free-standing two-dimensional MOF structures with control over their 
size and geometries. [11] [12] Here we present a facile method to create and position free-
standing MOF superstructures with defined geometry and size.  
The method is based on the fabrication of a superhydrophobic-superhydrophilic (SH-
SL) micropattern on a nanoporous polymer surface. The superhydrophilic areas with static 
water contact angle (WCA) close to 0° are surrounded by superhydrophobic borders with 
static, advancing and receding WCAs being as high as 170o, 173o, and 164o, respectively[13] 
The extremely high difference in wettability leads to the effect of discontinuous dewetting, [14] 
[15] which enables a single-step formation of high-density arrays of aqueous micro droplets of 
defined geometry, size and position. Here, we use the defined shape of these droplets to guide 
the nucleation and growth of MOFs along their 3D interfaces. Since each droplet is confined 
inside the superhydrophilic areas, geometry of which is determined by a quartz photomask, 
virtually any possible geometry and shape of droplets can be generated in a single step using 
this method. The unique advantage of this method is the ability to create hundreds to 
thousands of individual microdroplets with controlled size and geometry in a single step. This 
opens the way towards sensor, high-throughput screening (HTS) and diagnostic applications, 
where parallelization and miniaturization are highly important for increasing the speed, 
sensitivity and multiplexing of experiments.  
Interfacial synthesis has been the key target to spatially confine the nucleation and 
growth processes during the MOF synthesis at solid-liquid, [16] liquid-liquid [17] and liquid-air 
interfaces. [18] As prove of concept we chose HKUST-1 (Cu3btc2), one of the most well-
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known MOF structures. HKUST-1 was first reported by Chui et al. [19] in 1999 and contains 
interconnected [Cu2(O2CR)4] units (where R is an aromatic ring), creating a three-dimensional 
system of channels with a pore size of about 1 nanometer and an accessible porosity of about 
40 percent in the solid and a reported internal surface area of up to 1400 m2 per gram. 
 The synthesis procedure for the creation of MOF superstructures can be divided into 
three steps. In the first step a 12.5 µm thin nanoporous layer of poly(2-hydroxyethyl 
methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA) is prepared on a glass substrate 
and modified with 4-pentynoic acid via esterification to obtain an alkyne terminated 
nanoporous surface. This surface is then functionalized patternwise using 1H,1H,2H,2H-
perfluorodecanethiol under UV light (12 mW, 1 min) using the thiol-yne photo-click reaction 
in order to produce superhydrophobic pattern. The geometry of the pattern is determined by 
the use of an appropriate quartz photomask. This is followed by another photo-click step 
using the hydrophilic mercaptopropanoic acid to functionalize the remaining alkynes, thereby 
creating the superhydrophilic regions. [20]  
 
Figure 1. (a) Process for the formation of MOF superstructures at the spatially confined 
interface between water droplets formed on a superhydrophobic-superhydrophilic 
micropatterned substrate and water immiscible octanol phase above the water droplets; (b) 
basic unit of interfacial HKUST-1 growth on an individual water droplet formed on the 
hydrophilic patter; (c) photographs of microdroplets with ring, square and triangle shape 
formed on the corresponding superhydrophobic-superhydrophilic microarrays. 
In the second step, based on a previously introduced liquid-liquid interface MOF 
synthesis by Ameloot et al., [17] a droplet of 0.4 M aqueous solution of copper acetate is 
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applied on the SH-SL surface using the rolling droplet method,[14] which leads to the 
formation of an array of copper acetate (CuAc) droplets enclosed in the SL regions separated 
by dry SH barriers (see Figure 1). In the third step, the droplet microarray is covered with a 
water immiscible solution of 0.064 M benzene tri-carboxylic acid (BTC) in 1-octanol. This 
leads to the formation of a complex non-flat interface between the aqueous copper acetate 
droplets and the 1-octanol BTC top layer (see Figure 1a and 1b). Since MOF synthesis 
requires coordination of BTC with copper ions, which takes place at the water-octanol 
interface, the formation of MOF sheet structures follows the shape of the droplets´ surface.  
As can be seen from the optical images in Figure S1, the HKUST-1 structures are synthesized 
locally with a precise control of their interspacing. The shape and size of the synthesized 
HKUST-1 thin films are controlled by the underlying micro patterned SH-SL substrate. Thus, 
square, triangular or ring shaped hydrophilic patterns lead to MOF sheets of the 
corresponding geometries (Figure 2). The MOF free-standing sheets are not flat but take the 
3D shape of the underlying droplets (Figure S1). They follow the water-octanol biphasic 
interphase, which is clearly visible in the optical microscope images (indicated with an arrow 
in Figure S2).  
The use of MOF superstructures in functional devices requires the ability to transfer 
intact structures to a different substrate. This is usually very difficult to achieve taking into 
account the fragility and high aspect ratio of the sheets. Here we show that upon gentle rinsing 
of the patterned substrate with ethanol, the MOF superstructures can be detached from the 
surface, however keeping their morphology intact (Video S1). In this way, free-standing 
sheets of various shapes and sizes could be obtained and transferred to another substrate. 
Figure 2a and Video S1 show the detachment process of the MOF structures upon rinsing 
with ethanol and the transferred MOF sheets of (2b) square- (2c) triangle- and (2d) ring-
shaped morphology.  
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Figure 2. Optical images of (a) the detachment and transfer of the MOF ultra-thin sheets from 
the superhydrophobic-superhydrophilic patterned substrate upon rinsing with ethanol. (b) 
Square- (c) triangle- and (d) ring-shaped free-standing MOF superstructures after transfer on 
glass microscope slides. 
 
The morphology of the MOF superstructures were analyzed using scanning electron 
microscopy (SEM) and atomic force microscopy (AFM). Figure 3a shows SEM images of 
patterned MOF superstructures as well as a magnified cross-sectional view. The cracking of 
the sheets most probably happens during the drying process. Figure 3b shows an AFM image 
on the edge of a square-shaped MOF sheet and a height profile across the edge of the sheet. 
The side view of the MOF superstructures shows that the MOF film is continuously grown 
with a thickness of about one micrometer. The SEM micrographs also show that the MOF 
formation takes place only at the hydrophilic regions that were filled with copper acetate 
aqueous droplets, while the superhydrophobic barriers are completely free of MOF due to the 
non-wettable nature of these regions. To confirm the thickness we also performed AFM 
investigations of the transferred MOF superstructures on mica substrates (Figure 3). From the 
AFM analysis we obtained a height of around 1.5 micrometer, which is in good agreement 
with the SEM results shown in the inset of Figure 3a. 
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Figure 3. (a) SEM images of patterned MOF superstructures (inset shows the side view on a 
broken sheet); (b) AFM image on the edge of a HKUST-1 square sheet transferred to a mica 
wafer and the corresponding height profile for a line scan along the red line in the AFM image.  
 
The optical microscopy, AFM and SEM investigations confirmed the morphology and 
localization of the MOF superstructures. To confirm the crystallinity and chemical 
composition we performed X-ray diffraction as well as Raman spectroscopy studies of the 
MOF superstructures. Figure 4a shows a Raman spectrum of the HKUST-1 in the patterned 
area. Figure 4b shows the allocation of the CuO Raman-band (275 cm-1) from which a 2D 
plot for the surface can be generated in order to visualize the lateral distribution of HKUST-1. 
The presence of HKUST-1 sheets within the hydrophilic square patterns is clearly visible in 
Figure 4b. As can be seen from the Raman spectra, we obtain characteristic bands for 
HKUST-1 in the lower frequency range (600-170 cm-1) which is dominated by Cu-O bonding 
in the HKUST-1 structure as well as in higher frequency region which is dominated by bands 
from benzene groups and their subsequent change in bands after the MOF-formation (Table 
1). [21] All characteristic bands for HKUST-1 can be found: a large band for intensities at 
around 1610 cm-1 and 1005 cm-1 is associated with C=C modes of the benzene ring. This 
shows formation of bonds at these sites. Further bands at 826 cm-1 can be assigned to out-of-
plane ring (C-H) bending vibrations and that at 743 cm-1 is ascribed to out-of-plane ring 
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bending observed in HKUST-1. Doublet observed at 1550 cm-1 and 1460 cm-1 is due to COO 
units. 
 
Figure 4. (a) Raman spectrum of HKUST-1 grown on patterned substrate. (b) Raman map of 
the distribution of HKUST-1 in the patterned substrate. As an example the map shows the 
integral of the CuO band at 275 cm-1 band over the measured area. (c) Powder XRD pattern of 
(i) collected MOF superstructures and (ii) simulated HKUST-1 powder XRD pattern. 
 
Table 1. Raman bands assignment for Figure 4a 
 
 
 
 
 
 
 
 
 
Figure 4c shows the PXRD pattern of the HKUST-1 sheets after transfer and drying 
as well as the simulated HKUST-1 powder pattern. To collect the MOF superstructures we 
performed the synthesis procedure as described before. After keeping the droplet microarray 
under 1-octanol solution of BTC for 16 hours, the surface was rinsed with absolute ethanol 
over a falcon tube to collect the MOF sheets in the tube. Several samples were rinsed into the 
same falcon tube, followed by centrifugation at 3000 rpm for 3 min to accumulate a higher 
Label acc. to 
Figure 4a 
Wavenumber Assignment 
E 1610 cm-1 , 1005 cm-1 C=C bond in the benzene ring 
D 1543 cm-1 carboxylate vibrations asymmetric 
D 1455 cm-1 carboxylate vibrations symmetric 
C 826 cm-1 out of plane C-H vibrations 
B 744  cm-1 out of plane ring bending vibrations 
A 
500 cm-1, 275 cm-1, a complex 
band with maxima at 185 and 
173 cm-1 respectively 
Cu-O 
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quantity of the MOF sheet sample to be used in the XRD experiment. After removing the 
supernatant and washing with absolute ethanol the precipitate was dried in an oven at 60°C. 
XRD powder diffraction (Figure 4c) clearly confirms that the MOF superstructures consisted 
of pure phase HKUST-1.  
To validate the applicability of this novel MOF structuring and positioning technique 
to other MOF types we also included the well-known structure of ZIF-8 [22] [23] into this study. 
For the synthesis, an aqueous solution of zinc nitrate tetrahydrate is applied on the SH-SL 
surface using the rolling droplet method. This leads to the formation of an array of 
microdroplets, which are then covered with a water immiscible solution of 2-methylimidazole 
in 1-octanol.  Figure 5a shows the map the integral of the imidazol ring puckering band (B 
band in Figure 5b) at 686 cm-1 over the measured area in order to visualize the lateral 
distribution of ZIF-8. The presence of ZIF-8 sheets within the hydrophilic square patterns is 
clearly visible. Figure 5b shows a full Raman spectrum of the ZIF-8 in the hydrophilic area. 
SEM analysis of the ZIF-8 formed on the patterned substrate reveals MOF microsheets of 
approximate 200 nm in thickness (Figure 3S). 
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Figure 5 (a) Raman map of the distribution of ZIF-8 in the patterned substrate. Heat-map 
showing the integral of the imidazol ring puckering band at 686 cm-1 over the measured area 
(B band in (b)). (b) Raman spectrum of ZIF-8 grown on patterned substrate. (c) XRD pattern 
of the patterned substrate. 
 
Table 2. Raman bands assignment for Figure 5b. 
 
Label acc. to 
Figure 5b 
Wavenumber Assignment 
F 1507 cm
-1
 Stretching of C4=C5 in the imidazol ring 
E 1458 cm
-1
 C–H methyl bending 
D 1187 cm
-1
 C4–N3 stretching 
C 1147 cm
-1
 C5–N1 stretching 
B 686 cm
-1
 Imidazol ring puckering, H out of plane bend 
A 177 cm
-1
;  282 cm
-1
 ν Zn–N 
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As can be seen from the Raman spectra, we obtain characteristic bands for ZIF-8 in the lower 
frequency range (600-170 cm-1) which is dominated by Zn-N bonding in the ZIF-8 structure, 
as well as in higher frequency region which is dominated by bands from imidazol groups and 
their subsequent change in bands after the MOF-formation (Table 2). [24] All characteristic 
bands for ZIF-8 can be found: a large band for intensities at around 686 cm-1 corresponding to 
the imidazol ring puckering. Further bands at 1187 cm-1 corresponding to the C4–N3 
stretching vibration and at 1147 cm-1 corresponding to the C5–N1 stretching vibration. 
Further bands at 1507 cm-1 can be assigned to the stretching of C4=C5 in the imidazol ring 
and at 1458 cm-1 can be assigned to the C–H methyl bending. The XRD pattern in Figure 5c 
clearly confirms that the MOF superstructures consisted of pure phase ZIF-8. SEM analysis of 
the ZIF-8 MOF structures revealed much thinner sheets than HKUST-1 sheets of about 100-
200 nm (Figure S3). 
In conclusion, we have demonstrated a facile scalable method to create free-standing 
MOF microstructures of defined size and shape by spatially confined liquid-liquid interfacial 
synthesis on micropatterned superhydrophilic-superhydrophobic substrates. Taking advantage 
of the high variability in the pattern design of these substrates, the new method allows for the 
fabrication of MOF microsheets of different geometry and different MOF types. Formation of 
complex surface patterns is only limited by the geometry of a quartz photomask used for the 
fabrication of hydrophilic-superhydrophobic patterns. The possibility to create free-standing 
MOF microsheets and transfer them onto a substrate of interest warrants the implementation 
of MOFs structures in functional devices for various applications, such as gas separation, 
sensing, catalysis or in biomedicine. 
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Experimental Section  
Chemicals 
Copper (II) acetate monohydrate, Zinc nitrate tetrahydrate and 2-methylimidazole were 
purchased from Merck (Germany) and benzene tricarboxylate (BTC) was purchased from 
Sigma-Aldrich. All chemicals were used as received, without further purification. 2-
Hydroxyethyl methacrylate (HEMA) and ethylene dimethacrylate (EDMA) were purchased 
from Sigma-Aldrich (Germany) and purified using a short column filled with basic aluminum 
oxide to get rid of the inhibitors. All the other chemicals were purchased from Sigma-Aldrich 
(Germany) and used without further purification. Schott (Germany) Nexterion Glass B UV 
transparent glass plates were used as substrates for polymer layers. The polymerizations and 
photo-induced thiol-yne reaction were carried out on an OAI Model 30 deep-UV collimated 
light source (San Jose, CA) fitted with an USHIO 500 W Hg-xenon lamp (Japan). 
Preparation of porous polymer films and superhydrophobic-superhydrophilic patterns was 
performed as described in ref. [13] 
Formation of arrays of aqueous droplets on the SH-SL patterned substrates:  
HKUST -1: 
For the aqueous phase, 0,32 g (1,6 mmol, 1 eq) copper acetate monohydrate (CuAc) were 
dissolved in 4.5 g water, a droplet of the 0.36 M aqueous CuAc solution was applied on the 
SH-SL surface using the rolling droplet method,[14] to cover the SL regions separated by dry 
SH barriers. For the organic linker solution 0.08 g (0,38 mmol, 0,23 eq) of BTC were 
dissolved in 4.5 g (5.85 ml) 1-octanol. To obtain the HKUST-1 microsheets on the interface 
between both immiscible solutions, the substrate with the aqueous copper acetate droplet 
microarray was immersed in the 0.064 M (BTC) octanol solution for 16 hours at room 
temperature. After the reaction was completed the samples were rinsed with ethanol and dried 
under nitrogen flow. 
ZIF-8:  
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For the aqueous phase 100 mg (0,38 mmol, 1 eq)  Zinc nitrate tetrahydrate were dissolved in 
4.5 mL water to result in a 0,085 M solution. To prepare the 0,08 M organic linker solution, 
30 mg (0,37 mmol, 1 eq) 2-Methylimidazole were dissolved in 4.5 g (5.85 ml) 1-octanol. 
To prepare the freestanding ZIF-8 microsheets the same method was applied as described 
above. 
X-ray Diffraction (XRD) 
The XRD data were measured using a D8-Advance Bruker AXS diffractometer with Cu Kα 
radiation (λ = 1.5418 Å) in θ-θ geometry and with a position sensitive detector and variable 
divergence slit. 
SEM analysis  
SEM images were taken on a Zeiss Ultra plus Scanning Electron Microscope with the sample 
sputtered with pure gold to get a 20 nm coating. 
Raman analysis  
Raman analysis was performed using a Senterra Raman microscope, (Bruker Optics, Ettlingen, 
Germany). The Excitation Laser, λ =532nm, was operated at 2 mW, the integration time for 
each measurement was 360 sec, 3 coadditions (3*120sec). An Olympus MPLAN 20x 
objective, NA 0.5 (Olympus, Tokyo, Japan) was used for visualization of the sample, 
focusing the excitation beam as well as for collimation of backscattered light. A grid of 15x15 
spots was measured over an area of ~400 µm2. Deep UV collimated light source (OAI Model 
30, San Jose, CA, USA) with 500 W Hg-xenon lamp (USHIO, Japan) was used. 
Optical microscopy  
Optical microscope images have been obtained using Keyence BZ-X700 Microscope (Japan). 
Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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Superhydrophobic-Superhydrophilic arrays are used to control the size and shape of 
freestanding metal-organic framework (MOF) microsheets. The MOF sheets are prepared 
at the liquid-liquid interface of an aqueous copper acetate solution confined in microdroplets 
formed in superhydrophilic areas and an 1-octanol solution of trimesic acid. The resulting 
MOF microsheets have defined geometry and size and can be suspended in solution or 
transferred to other substrates.  
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Figure S1. Optical images of HKUST-1 structures synthesized locally controlled by the 
underlying micro patterned SH-SL substrate. (a) On triangular patterned substrate, (b) on 
square-shaped substrate and (c) on ring-shaped substrates.Square and triangle side is 300 µm. 
Large circle is 400 µm in diameter. 
 
 
Figure S2. Optical images of HKUST-1 structures synthesized (a) on triangular, (b) on 
square-shaped and (c) on ring-shaped substrates. Arrows indicate the curved 3D shape of the 
HKUST-1 sheets which follow the droplet interfaces. 
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Figure S3. SEM images of pieces of a single ZIF-8 MOF microsheet. Due to the extremely 
large aspect ratio (100 µm x 200 nm), the single sheet becomes very fragile and cracks after 
drying. 
 
